ABSTRACT In this paper, a radial position control approach of a bearingless induction motor is proposed. The rotor is supported by magnetic forces, which is complex to model. Generally, simplifications are adopted to determine a linearized model that hinders classical controllers' performance. On the other hand, fuzzy controllers have non-linear characteristics and do not require precise mathematical models. Instead, it uses the experience and knowledge of human operators to build a knowledge base to be used on the control. The prototype under study is a three-phase induction motor without a rated power of 1 HP, 4-pole, 220/380V and rated current 3/1.75A. It operates on a vertical axis, so there is no need to compensate for the rotor weight. The paper proposes the implementation of a Mamdani Fuzzy PD controller in order to control the rotor radial position of a three-phase induction motor by means of a Texas Instruments TMS320F28335 Digital Signal Processor (DSP). We present experimental results that validate the good performance of the fuzzy controller.
I. INTRODUCTION
There are several applications involving electric machines wherein maintenance becomes a challenge due to the working conditions of them, e.g., motors under great depths, high temperatures, or in impermeable environments [1] . One of the engine components that require a lot of maintenance is the mechanical bearings, due to the natural wear and tear. This fact led researchers in the 1970s to study the magnetic suspension applied to rotorless non-contact rotor systems, the so-called magnetic bearings [2] . This device solves the wear problem of the mechanical bearings but increases the size of the machine [3] - [6] . A solution to overcome the drawbacks of magnetic machines are the bearingless machines that avail their own windings to produce magnetic forces that keep the machine rotor centralized. These bearings, as well as magnetic bearings, do not require lubrication, have a no-noise
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operation and are suitable for applications with an unusual rotational speed (above 3600 rpm) [7] .
There are basically two structures for bearingless induction machines: two winding systems and split winding systems. The first one was proposed by [8] and consists of adding an extra set of windings that enables flux distribution changing through the magnetic overlap to produce radial positioning forces, and torque aiming mechanical rotation. The second one proposed in [9] spatially divides the stator windings into coil groups that are responsible for regulating flux distributions through the current imbalance among them. The first work with this type of system employed a biphasic four-pole motor, in which the winding of one of the phases is divided into four groups arranged symmetrically and orthogonally to each other [10] .
Then, it was proposed the implementation of a three-phase motor with four poles, wherein each phase is divided into pairs of opposing groups, for a total of six coils in the stator [11] . The mentioned proposal had its successful implementation and became object of several other studies that explored all the classical techniques (PID) to control the rotor radial position [1] , [7] , [12] , [13] and [14] . In [15] , Chiba et al. employ PID controllers to regulate the radial position of a bearingless induction motor. However, when the radial electromagnetic force follows the radial force reference signals a phase delay generates a coupling between the so-called alpha-beta axes. As a solution, the authors implemented lead-lag compensators that maintain an average change of 50 um in radial position. This solution makes the strategy implementation more complex and highly sensitive to parametric variations.
In [16] , Rodriguez and Santisteban also employ a PID control in radial position regulation and emphasize the need for identifying motor electrical parameters for a good controllers' performance. In the experimental results, the authors realize that the median values on the y-axis reach almost 10 times the median values observed in the x-axis and suggest an automatic angular correction for the y-axis that acts directly on the reference signals of the radial position controllers. However, these controllers are tuned to a certain operating point, and if it suffers a considerable variation, the controller decreases performance or even stability margin. In addition, electric machines are nonlinear systems with parameters susceptible to uncertainties that may hamper the performance of classical controllers. Furthermore, due to the current difficulty in modeling suspension forces, many simplifications are required to determine a representative linear model [1] , [7] , [17] .
In order to overcome classical PID limitations, several other strategies have been proposed like genetic-algorithms [18] - [27] and artificial intelligence [28] , [29] , with special attention given to a fuzzy controller [18] .
Fuzzy systems allow the analysis of a problem from a humanlike point of view by using linguistic variables. It also allows for a gradual transition between sets. Thus, fuzzy control systems can be modeled to emulate strategies that humans use to solve problems, and due to this feature is considered an intelligent system. These systems provide a formal method of translating verbal, vague, imprecise, and qualitative expressions, usual in human communication, into numerical values [18] . The basic structure of a rule-based fuzzy controller consists of three steps: Fuzzification, Inference, and defuzzification. In fuzzification, the input data are coded or converted into fuzzy values, that is, qualitative or linguistic values understandable by the inference mechanism.
The fuzzification process occurs through the application of membership functions in the input variables. The inference is responsible for the application of rules and fuzzy operations in order to map input linguistic values to output linguistic values. In defuzzification, fuzzy values resulting from inference are converted into crisp values, that is, numerical quantities by means of membership functions in the output variable [19] .
With these considerations, it is proposed the application of a controller based on fuzzy logic in order to keep a machine rotor centralized even if lacking some variable specifications. This type of controller has non-linear characteristics and does not require precise mathematical models. Instead, it uses the experience and knowledge of human operators to build a knowledge base necessary for control [18] . Diffuse logic proved to be a powerful and effective tool in motor drive and control applications [20] - [23] . However, applications in magnetic suspension systems, especially in bearingless motors, are incipient. In [24] , He et al. present an adaptive fuzzy PID controller to control the radial rotor position of a non-rolling switched reluctance motor. In the case of bearingless induction motors [25] , the fuzzy control is applied to the angular speed loop, but no fuzzy control applications were found in the radial positioning of the rotor of these machines. The purpose of this paper is to implement a fuzzy PD controller to regulate the rotor radial position of a three-phase induction machine with split windings embedded in a Texas Instruments TMS320F28335 Digital Signal Processor (DSP).
The next sections of this paper will be organized as follows: in section II is presented the preliminary concepts. In section III is presented the system description. In section IV is presented the control strategy. In section V is presented the fuzzy controller. In section VI is presented the experimental results. Finally, in section VII are presented the conclusions of this paper.
II. PRELIMINARY CONCEPTS A. OBTAINING RADIAL FORCES
To understand the configuration of radial forces acting on the rotor, it is necessary to visualize the internal distribution of the magnetic flux and the arrangement of the windings within the stator from a cross-section of the machine depicted in Fig. 1 .
The magnetic flux configuration due to feeding A 1 and A 2 coils is depicted in Fig. 2 . Feeding these coils with the same electric current results in a magnetic flux configuration represented in the left side of Fig. 2 . Assuming the rotor is in the center of the stator, the magnetic flux density in both sides along the x-axis are equal, so there is no resulting horizontal force acting on the rotor. By increasing the current value, i a in the winding A 1 and simultaneously decreasing the same value in the flux of the winding A 2 , an additional magnetic flow arises as shown in the right side of Fig. 2 through the thinner lines. This additional flux joins the flux of A 1 and opposes the flux of A 2 , originating magnetic flux imbalance which generates a radial magnetic force on the rotor in the positive direction of x−axis. Through this differential action on the currents flowing through the two remaining coils, the forces are generated and modify the rotor position. This is valid for any pair of opposing coils, and the force obtained acts along the axis passing through the center [7] . In this way, the positioning forces are controlled in any transverse plane direction, overlapping the effects along the three actuation axes, as shown in Fig. 1 , by the arrows drawn inside the rotor.
III. SYSTEM DESCRIPTION
The prototype under study is a 1HP, fourpoles, 220/380V and nominal current 3/1.75A three-phase induction motor. The motor shaft is orthogonally positioned in relation to the prototype base in order to mitigate the rotor weight effects. Both the rotor and the stator have undergone changes in their structure, as described below, and these modifications do not disfigure the induction machine configuration.
A. ROTOR CONFIGURATION
The traditional squirrel cage rotor does not present a satisfactory response to the radial positioning control, due to the appearance of induced currents with the same stator frequency content in the rotor. The existence of bipolar flux control components in the rotor is not desirable, because they would cause a delay in the response of the controller [17] . This problem is overcome by employing a four-pole winding rotor. This configuration ensures that only four-pole fields belonging to the feed frequency of the machine are induced. It prevents bipolar magnetic fluxes from being generated due to the modulated control components in the stator currents [7] and [17] .
B. STATOR CONFIGURATION
The stator winding consists of six groups of coils, two per phase. Fig. 3 shows how the six groups are connected to start the engine. In that sense, the only difference compared to a conventional motor is that the pairs of opposing groups are not connected in series. Instead, they are divided into pairs, making it possible to feed each of them independently.
The feeder currents should produce the required torque and generate restoring forces to regulate the rotor radial position. Thus, the stator currents are divided into the three-phase reference currents I a , I b and I c responsible for the torque, and the positioning components i a , i b and i c are calculated by the position controllers. Therefore, the currents of the six groups of windings are determined by equation (1) .
The developed bearingless motor drive structure is depicted in Fig. 4 . It consists of two-stage conversion. The first one employs a non-controlled diode-based rectifier responsible for delivering energy to dc-link electrolytic capacitors. The second stage performs DC-AC conversion by means of two three-phase Voltage Source Inverters (VSIs). Each of the six arms employs an IGBT SEMIKRON module and is responsible for feeding the motor bearing coils individually.
IV. CONTROL STRATEGY
The block diagram of Fig. 5 shows the system control strategy scheme. It consists of two control loops. The first one is responsible for regulating the stator currents and the second one is responsible for regulating the rotor radial position. The speed regulation is performed by an open loop strategy.
A. POSITION CONTROL
The control strategy is depicted in Fig.5 ; wherein two orthogonally positioned sensors acquire xy axes radial position signals. These signals are compared to the position references, and position error signals i x and i y , respectively, and then converted to the stationary reference frame by means of Clark transform (2φ/3φ block). The imbalance of the currents is performed by applying equation (1), resulting in six reference values for the stator current controllers.
B. CURRENT CONTROL
Current control is performed by six identical and independent proportional-integral (PI) digital controllers, one for each stator coil. These controllers compare current references produced by equation (1) with the currents read directly from the current sensors and thus generate the control signals to be applied to the coils through the VSIs. The three-phase reference currents are digitally generated in DSP by:
wherein ω is the angular frequency and I m maximum current amplitude. The current controller design can be found in [7] , however the tuning was performed empirically.
V. FUZZY CONTROLLER
According to [9] - [14] , the radial position model of a split winding bearingless three-phase machine is open-loop unstable due to a right half-plane pole for each direction axis. This pole existence hampers a PD strategy implementation that adds a zero on the left half-plane to ensure that the feedback loop is stable. In addition, system tuning becomes more complex and highly sensitive to parametric variations. In this work, a fuzzy controller with traditional PD features and able to deal with model imperfections replaces the controller adopted in [9] . In order to control the radial position of the rotor, two independent fuzzy PD controllers of the Mamdani type were implemented, one for the x-axis and one for the y-axis, according to the diagram in Fig. 5 . The basic structure of a rules-based fuzzy controller consists of three stages: fuzzification, inference and defuzzification [18] . In the fuzzification, input data are converted into fuzzy values, i.e., qualitative values comprehensible by the inference mechanism.
A. MEMBERSHIP FUNCTIONS
For each controller, five triangular and two rectangular membership functions were defined for the error variable and three triangular and two rectangular membership functions for the change in the error variable, according to Fig. 6 . For generating the output, nine singleton functions were chosen, as depicted in Fig. 7 . With these functions, the defuzzification is done simply by the formula:
wherein u i is the i th membership function, µ out ( u i ) represents its degree of membership and N the number of employed functions [18] .
Through experiments with the machine, we defined the speech universes of the input and output variables [26] . Otherwise, it determined the range from −1500 to 1500, for a range variation of −10 to +10. (These numbers are not in physical units, they are called directly from the A/D of the DSP).
With respect to the output variable i (control signal), the speech universe was defined based on previous knowledge obtained from previous experiments with another controller [14] . Thus, the proposed speech universe i was the range of −0.6 to +0.6.
Initially, membership functions were distributed evenly in the speech universe. Afterward, adjustments were performed experimentally by changing functions closer to the zero function to achieve higher precision and better performance of the controllers. They were used as membership functions in both axes.
B. RULES BASIS
Defining the rule sets is directly related to the aim of the control. Since the bearingless motor aims to keep the rotor centralized, the main task is to minimize the position tracking error. The higher the error, the higher the control input. However, a change in error also affects the value of the control input. Consequently, the error and change in error are used in the control rules as the linguistic variables. These are defined as: 
The memberships functions are named by linguistic labels that are summarized in Table (1) . The rule base is summarized into a table in which the columns represent the error variable and the lines represent the change in error. The x-axis rand yaxis rule bases are summarized in Table (2) and Table ( 3), respectively. The a, b, c and d mean e x , e x , e y and e y , respectively.
An initial rule base was developed using prior knowledge of the system. Then adjustments were made based on the behavior of the system during the experiments. The rules were changed until they could no longer improve the response, so the membership functions were adjusted. The adjustments of the rules were intercalated with the adjustments of the membership functions, never both at the same time. The adjustments originated the error and change in error membership functions illustrated in Fig. 6 and the output membership functions depicted in Fig. 7 and the rules summarized in Table ( 2).
VI. EXPERIMENTAL RESULTS
The experimental setup of the bearingless motor control is depicted in Fig. 8 according to the Fig. 4 . The control is performed by Texas instruments DSP TMS320F28335, incorporated into the Spectrum Digital eZdsp TM kit. The period adopted for sampling the signals is 100µs in order to reduce switching losses and improve the prototype efficiency [30] .
In order to verify the performance of the controller, experimental tests were carried out. The stator cross-section center corresponding to the coordinate system point (x,y)=(0,0) was adopted as the reference radial position. It is the position that the rotor must operate. Fig. 9 shows the steady-state behavior of the system, when the rotor speed reaches 1774 rpm and oscillates around the reference position with an average error of -0.000206mm (0.052%) and -0.000743mm (0.186%) in the x and y directions, respectively. The dynamics of the two axes is slightly different, so there is also a low-frequency oscillation on the y-axis. The amplitude of the rotor oscillation around the reference can be seen in Fig. 10 and Fig. 11 . These figures show the position error (which coincides with the position, since the reference is zero) to the error variation and the control signals i x and i y of both controllers (x and y axes). The scale of the error variations was reduced by a factor of 160 when scaling the control signals by a factor of 15, so that they can be visualized along with the error signal. VOLUME 7, 2019 FIGURE 12. System behavior under step disturbance applied on x-axis.
FIGURE 13. Controller response at different frequencies (x-axis).
It is observed in Fig. 10 and Fig. 11 that the control signal is proportional to the change in error. It is expected behavior in controllers equipped with derivative gain necessary to stabilize unstable systems as well as the proposed system. Also, it can be seen that there are error variations peaks that are responsible for control spikes. This behavior is due to the roughness on the disk used to measure the radial position.
A slight difference between xy axes signals is evident. It occurs due to the radial position reference adopted in this paper, depicted in Fig. 1 . The regulation in x-axis is performed by phase A and contributions from phase B and C through its coils. On the other hand, there is a decoupling between the x and y reference axis due to the orthogonality between them. So the regulation in the y-axis is only performed by the contribution of phases B and C. As a consequence, there is less magnetic flux able to produce magnetic force and regulate the y-axis position. This behavior is observed in the error and change in error signals. This leads to larger control signals produced by this position controller.
The controller response to reference value step changes which magnitude varies between ±0.33mm is depicted in Fig. 12 . The rotor position, when the reference is at x = 0, shows a mean error of less than 0.022mm. Facing the applied steps (0.33 and −0.33) the mean error is 0.047mm. The existence of a steady-state error is acceptable since the controller is a fuzzy PD [18] . The reference steps were applied only on the x-axis, but similar results were also observed when applied on the y-axis. The disturbance observed on the y-axis is due to a coupling between the axes, caused mainly by the gyroscope effect. Thus, when there are changes of references in the x-axis, the y-axis is disturbed.
The fuzzy controller is set to operate at a frequency of 60Hz. However, in order to verify its robustness, the motor is excited with other frequencies, and the results are depicted in Fig. 13 . It was verified that it maintains the same performance for frequencies above 60Hz. At frequencies lower than 60Hz, the system remains stable but shows the increased amplitude of the oscillations. Similar results were observed on the y-axis.
The system performance during motor start-up is depicted in Fig. 14 . The positions of each axis as a function of time can be observed in Fig. 14(a) . It illustrates the movement towards the reference point, including the acceleration until reaching steady-state behavior, in approximately 14 seconds. The upper waveforms describe x-axis position behavior, while the lower ones describe y-axis position behavior. In Fig. 14(b) the same result is presented in the XY plane, in which the whole behavior is analyzed: rotor displacement for reference, acceleration, and steady-state. The steady-state period is highlighted in the cyano color in the center of Fig. 14(b) , we note the small variation of the position on the x-axis, and a slightly larger oscillation on the y-axis.
VII. CONCLUSIONS
This article aimed to study and implement a fuzzy controller with PD features in the rotor positioning of a bearingless induction motor. The experimental results confirmed the good performance of the implemented fuzzy controller, both at the operating point, as well as at a reference away from it, which shows a certain degree of robustness. The good performance was guaranteed even not knowing the motor nonlinearities and lacking the traditional parameter generally required for tuning classical controllers. Robustness can also be verified with excitation frequencies above 60 Hz. Although performance at the lower frequencies is unsatisfactory, system stability is still maintained. The contribution of this paper is to provide a non-linear control for a system that, depending on the operating conditions, can reveal significant nonlinearities. Previous research has addressed classical control techniques that are limited to systems with linear characteristics. For future work prospects, an optimization of fuzzy controller and new control methods i.e., NeuroFuzzy strategies, are planned. In addition, there will be an improvement in the system for disturbance analysis in rotor shaft radial directions, either by an external force or by a torque on the axis.
